This research presents six simultaneous innovative occupant near side lateral impact protection concepts, including a dynamic door, a high-volume side airbag, a large external airbag that covers doors, sill and B-pillar of the struck vehicle and other concepts for increasing the distance between the occupant and the door panel (active armrest, inflatable door beam and moving seat). All systems are based on pre-crash detection of the impact and are activated as soon as 80 ms before the impact. This paper details the task of integrating these systems into a vehicle using finite element models, sled tests and full scale crash tests.
time between the beginning of the collision and the moment when the intruding door panel contacts the occupant. This limits the range and performance of possible passive safety countermeasures such as thorax-pelvis side airbags, head airbags and padded door panels.
However, advances in sensors systems that can deploy countermeasures in advance of an impending impact liberate countermeasure development from existing space and time constraints. For example, the EC funded APROSYS PreVENT system used a pre impact detection systems based on cameras and radars which deployed structural reinforcing members in order to limit intrusion and intrusion velocity [20] .
The research presented here describes countermeasures that exploit this new pre impact sensing capability. The six countermeasures assessed in this research are presented in Figure 1 . They are divided into three areas: structural behaviour (dynamic door, inflatable door side impact beam and external airbag), interior (active armrest and moving seat) and restraint systems (high-volume side airbag). space for the deployment of side airbag, and to use the actuators themselves as energy absorbing elements, so that they effectively help to reduce the intrusion velocity.
To ensure proper function, the system has to be associated with stroke limiter and a door guiding device, ensuring that the door returns back to its original position during crash.
Inflatable door side impact beam
This optimised side impact beam is formed by two sheets of stamped Ultra High-Strength Steel (UHSS). By means of a pyrotechnical gas generator, the beam can be inflated just before the impact, achieving an increase of the bending stiffness due to the increase of cross-section, therefore the moment of inertia and the internal pressure. Its main goal is providing a reduction in terms of intrusion velocities.
External airbag
A large airbag of 290 l which deploys from the rocker panel, cushions the doors, sill and B-Pillar up to the vehicle belt line. This airbag mitigates the energy of the collision and reduces the intrusions and deformations in the struck vehicle.
Active armrest
A new door trim panel morphology was designed to include an active armrest with a pyrotechnical actuator located at the base of the door. The trigger signal displaces the armrest away from the occupant and therefore increases the clearance between the occupant and the door 30 mm, a 20% increase. This strategy also reduces the aggressiveness of the geometry of the door panel.
Rotating seat
This system produces inboard occupant movement by rotating the seat base in the anchorage zone through eight pyrotechnic actuators. The tilt of the occupant increases the distance between the occupant and the door ( Figure 2 ). A dual pretensioning safety belt integrated in the seat was mounted, to improve coupling between occupant and seat.
High-volume side airbag
A high-volume side airbag of 42 l. designed to fill the increased available volume between the occupant and the door panel once the other systems have been deployed.
Methods

Experimental procedure
The validation methodology of the systems was divided into two groups of tests: First, the tests involving the different countermeasures were carried out independently, and once the performance for the six sub-systems was satisfactory, a reference vehicle was prepared for the integration and validation of all the countermeasures to act simultaneously.
The integration process of the systems included Finite Element Model (FEM) simulation, sled tests as well as full scale crash tests with the sample vehicle. Firing times of each of the systems were defined via simulation and validated in the full-scale crash. The final activation sequence of the systems can be seen in Figure 3 . The methodology used to obtain this chart is described below.
Individual assessment for the different sub-systems
Individual component tests in every sub-system were performed to evaluate the performance of each sub-system and to identify operating parameters like time needed for deployment or positioning. In addition, these tests provide the basis for creating finite element models of every subsystem. As a second step, dynamic testing were performed for assessing the capability of each system to meet the specific objective for which it was intended (like energy absorption or create some additional clearance). Guided impactor tests, subsystem experiments or sled tests are examples of these tests that also served to validate the finite element model of the system in the different performed iterations ( Figure 4 ).
Finally, the sub-systems were validated separately and simultaneously in an initial series of sled tests with EuroSID-2 dummy. The goal for those sleds was to weigh the effect of the different countermeasures in terms of reduction of injury criteria according dummy readings.
The observed main effects of each system as well as the changes in the sled test configuration are represented in Table 1 . A total of 24 sled tests were performed. Analysis and results of these intermediate sled tests are not in the scope of this document.
Tests for vehicle Integration
The first part of the integration was the creation of a full crash FEM for the reference vehicle which integrated the validated FEMs of all the structural systems that affect the crash pulse (external airbag, active door and inflatable door beam). The obtained pulse was used in the sled tests.
Additionally, virtual tests under different load conditions compared to the reference Euro NCAP test were carried out in this phase for assessing the robustness of the systems. Higher impact speed (60 km/h instead of 50 km/h) and mass (1200 kg. instead of 950 kg) as well as different impact angle (60 • instead of 90 • ) were virtually tested.
The next step was to define the reference sled test which is representative of the vehicle crash test, thus achieving a tool for comparison and evaluation. Given that the pre-crash structural countermeasures affect the rates of intrusion of the door and the boundary conditions of the vehicle, it was necessary to accordingly modify the reference sled pulse (representative of the reference crash in the sample vehicle without pre-crash countermeasures) and the initial conditions. This sled with new pulses was used to evaluate the influence of structural systems in the biomechanical dummy values, as well as the behaviour of all of the systems developed previously, analysing the influence of each one on the biomechanical values for the dummy. EuroSID-2 50 percentile and SID-IIs 5 percentile dummies were used in sled tests for assess the effect in different occupants. In the final phase, an optimisation process for all sub-systems and activation parameters were performed in the full-scale crash test for validation.
Final vehicle testing involving all countermeasures simultaneously
All countermeasures were integrated simultaneously in four prototype passenger car. Table 2 reproduces the test matrix configuration.
In order to assess the biomechanical effect of those systems, the obtained dummy values were compared with a reference side crash test following the Euro NCAP testing protocol and using the same sample vehicle without any additional countermeasure.
The potential of the presented countermeasures under more severe conditions was also evaluated through one crash test at 60 km/h. As reported by Welsh et al., around 80% of MAIS 2+ injuries were found to occur in impacts with a collision severity (as measured by delta-V) greater than that which occurs in a 50 km/h crash test [18] ; in the same study, average mass of bullet or striking vehicles in the data was found to be 1250 kg. In the present work, a 1200 kg barrier mass and 60 km/h speed test was performed trough FEM-simulation.
FEM simulations under different conditions (different speed and mass of the barrier, impact angle, occupant sizes) were also performed for assessing the systems robustness in a previous phase.
Equipment and facilities
A MTS 888 Horizontal Crash Simulator (reverse accelerating sled test system) with hydraulically controlled movement of the sled for the whole pulse duration and programmable acceleration profiles and a full-scale crash test track from MESSRING Systembau MSG at CIDAUT in Valladolid, Spain, were used to perform the sled and crash tests. EuroSID-2 50 percentile and SID-IIs 5 percentile dummies were used for sled and full scale crash test. All tests were filmed using high-speed digital cameras. Pam-crash R software was used for FEManalysis.
Results
The results presented correspond to vehicle deformation and the dummy measurements recorded at the crash tests involving vehicles with and without countermeasures. Crash FEM simulation results and sub-systems sled tests results are not reported in the present paper.
Reducing and controlling the door intrusion velocity is a standard practice during the vehicle design process, the intrusion of car door structure during motor vehicle side impacts is related in the literature to pelvic and thoracic injuries [15] .
The vehicle deformation is presented in the following Figures 5-7 . In the figures, the initial geometry of the vehicle before the impact is compared with the different permanent deformations at 50 km/h and 60 km/h. For this vehicle, the H-point was situated at 1134 mm and the head location 1340 mm according to the X axis. High repeatability was observed among the test performed at the same speed. Figure 5 reproduces the deformation obtained at the sill line before and after the crash; similar deformation was obtained at sill line between the reference vehicle and the crash performed at 50 km/h, an increment of 30-45 mm was obtained at the crash at 60 km/h between the H-point and the B pillar. The increase of deformation was due to the load increase transmitted from the B pillar to the sill, rotating the sill along the X axis and displacing the sill along the Y axis. Figure 6 reproduces the deformation obtained at the R-line (Horizontal line containing the package R point) before and after the crash; the crash with countermeasures performed at 50 km/h showed on average 60 mm lower intrusion than the reference until the A pillar, after the A pillar similar deformation was observed, the pressurised door bar was only implanted in the front door. In the crash performed at 60 km/h only 30 additional intrusion mm were measured after the test. Figure 7 reproduces the deformation obtained at the Z = 530 line before and after the crash; the crash with countermeasures performed at 50 km/h showed on average 50 mm lower intrusion than the reference until the A pillar. In the crash performed at 60 km/h almost identical intrusion at the front door was obtained compared to the reference crash.
The acceleration recorded in the dummy at the T1, T12 and pelvis is provided in Figures 8-10 . Due to the effect of the rotation seat an initial acceleration is observed in the dummy measurements, the goal of this load was rotating the dummy before the impact increasing the space for deploying the high volume airbag and moving the torso away from the intruding door. Comparing the same crash speed the acceleration was reduced between 20 and 30%, and the load slope decreased.
The biomechanical dummy values recorded in crash tests at 50 km/h showed a substantial reduction compared to the values obtained in the reference test according to the Euro NCAP side impact barrier test. This improvement was maximised in the thoracic area (lower rib deflection was reduced by 72%), in the abdomen (the Peak Force was reduced by 63%) and in the pelvis area (Peak Force) the reduction was 41%.
A summary of crash test results is reproduced in Table 3 . Figure 10 . Dummy acceleration ay comparative measured at T12.
Shoulder
Maximum forces in the shoulder are slightly higher than the reference crash (from 0.12 to 0.25 kN and 0.47 to 0.64 kN approximately), and are produced earlier in time ( Figure 5 ). This effect occurs primarily in Fx and Fy, and these forces are in all cases in very low levels (below 1 kN) ( Figure 5 ). The recorded Force values in the shoulder are slightly higher than in the reference test. The different size of the airbag and the loading process (earlier in time and applied partially to the shoulder) can explain this effect (Figure 11 ).
Spine T12
Maximum values of forces and moments on the T12 are similar to those registered in the reference test; however, the movement of the seat before the collision and the seat friction causes an increase in these values of around 0.3 kN and 70 Nm, respectively, before the impact occurred ( Figure 6) ; Nevertheless, the obtained values are below the 50% of the reference value ( Figure 12 ).
Chest
The chest deflection values recorded are in all tests substantially lower than those obtained in the reference crash. The reductions are the order of 70% (Figure 7) . About 40 ms prior to impact occurs a deflection of 1-2 mm which is due to the effect of the movement of the tilting seat backrest on the dummy. The same effect and reduction of maximum values was observed in Viscous Criteria (VC) measurements ( Figure 13 ).
Abdomen
The abdominal force (APF) reduces its value by 40 to 60% relative to the reference test. As observed in the chest, a small force was observed in the 40 ms prior to impact due to interaction between the abdomen and the seat (Figure 8 ).
This interaction force is negligible compared to the value recorded during the impact. The rear load cell of the abdomen, more influenced by the seat on impact, reaches the same value as the reference tests. The other two load cells (middle and front) get substantially lower values than the reference tests ( Figure 14 ).
Pelvis
The peak force measured in the pelvis (PSPF) reduces its maximum value by about 30% respect to the reference Figure 14 . Abdomen forces. test. As observed in the T12 values, around 60 ms before the impact a load appears in the pelvis due to the seat movement. The level of this initial force is half the level of the impact. Nevertheless, this effect is more pronounced in the acceleration traces (Figure 9) where the values recorded at this early stage nearly equal to the maximum values measured during the impact phase ( Figure 15 ).
Discussion
Three main different types of countermeasures were applied on this research, with two goals: the first one trying to reduce and homogenise the door intrusion, the second one to move the dummy away from the door panel and distribute the load across the maximum possible surface. The countermeasures focused on controlling the door deformation were the active door opening system, the inflatable door beam and the external airbag. The effect for the active arm rest was focused on the abdominal applied force reduction [19] ; the sit rotation moved the chest away from the door, creating more room for the high volume airbag. A positive change in the pattern of deformation can be observed, due to the inclusion of the three systems that have structural influence. The external airbag acted distributing the load in bigger surface, the door activation increased total deformation distance and the door beam was responsible for controlling the door concavity in the ZY plane. In the rear door the pressurised door beam was not used, higher door intrusion was observed compared to the front door at any speed.
Maximum forces in the shoulder were slightly higher than the reference crash, and were produced earlier in time (around 0 ms instead of 25 ms in the reference test). This could be explained by the greater width of the side airbag in the shoulder area and the earlier firing time. Even if this biomechanical parameter is currently not assessed in the Euro NCAP side impact protocol, peak forces must be taken into account due to its relationship with injury risk [1] . The force values obtained during the tests were lower than the fracture force needed to fracture the clavicle 2.41 ± 0.72 kN; therefore, a low risk of shoulder injury would be expected [1, 2] .
Rib deflection values were in all the cases, including the test at 60 km/h, lower than in the reference test, remaining always in a very low level (around 5 mm deflection). To increase the distance between door and occupant, as well as early restraint of ribcage with large airbags were found in the literature to produce this favourable effect obtained in the present tests [5, 8, 9, 10, 13] .
In a car side crash, the interior panels of the door could have a direct contact with the occupant of a struck car [19] , this contact is associated to a thoracic, abdominal al pelvic impact. The collapsibility introduced in the arm rest was translated into a lower load in the abdomen and better interaction with the airbag.
There is a slight increase in the measured values of T12 (force Fy and Mx). The fast rotation of the base of the seat causes an increase of the initial values on the T12 (force and moment) due to the stronger effect in the movement of the pelvis than in the torso of the dummy. The effect can also be seen in the pelvis and spine accelerations. For minimising that effect, the eight pyrotechnic actuators located at the seat were fired progressively between −80 and −55 ms in the tests referred as pre-crash 2, 3 and 4. A reduction of the loads prior to the crash with respect to the test pre-crash 1 (where all actuators were fired at −80 ms) can be seen in the spine and pelvis curves. In all cases, the biomechanical dummy values recorded prior to the crash were lower than that correspondent to the loading during the crash phase.
The use of gas generators (inflators) as a cost-weight efficient method to generate overpressure can be found in the literature for other applications than side crash protection with important benefits for crash performance [11] . In the present research, gas generators are also used for creating movement in the seat base and in the door. Progressive firing times and adaptation of the power of the actuators were necessary to reduce the observed effect in dummy kinematics prior to crash.
Conclusions
Pre-crash systems are being discussed in the scientific literature mostly for frontal impact [4] , being detection technologies and Automated Emergency Braking Systems in the State of the art. Pre-crash technologies are also beneficial in case of side crash [14] . The present work shows the potential of these systems in the event of side impact in terms of improved biomechanical dummy values, even when starting from a reference vehicle with a very good performance under Euro NCAP side impact assessment.
Comparing the test at 50 km/h with and without countermeasures, all the biomechanic dummy values were improved, except the shoulder load that increased from 0.47 kN to 0.68 kN due to airbag direct load, being this value far from the injury threshold.
In the case of the crash at 60 km/h the slight increase was maintained in shoulder, minor increments were observed in spine Pelvis Force, backplate load, T12 Mx and Spine T12 Fy. In all cases, the obtained values did not reach the 50% of the higher performance limit value.
Special attention requires the analysis of chest deflection, which is a clear indicator of injury risk according to the epidemiologic studies. Dummy measurements showed big improvements in both test with countermeasures at 50 and 60 km/h. The obtained 4-6 mm chest deflection values are far below the injury levels according the scientific and technical literature. A maximum rib deflection of 21 mm is associated 25% risk (44 mm, 50% risk) of sustaining AIS 3+ injuries [7] .
With all this innovative passive and active countermeasures applied to a vehicle, the biomechanics values obtained in a crash at 60 km/h are similar than the obtained at 50 km/h with a standard production car, being the Energy involved in the crash 44% higher. This paper demonstrates that there is still potential for reducing the sustained injuries in side crash. A suitable combination of active and passive countermeasures has shown to be an appropriate strategy.
